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Abstract We have localized TACC to the microtubule-

nucleating centrosomal corona and to microtubule plus

ends. Using RNAi we proved that Dictyostelium TACC

promotes microtubule growth during interphase and mito-

sis. For the first time we show in vivo that both TACC and

XMAP215 family proteins can be differentially localized

to microtubule plus ends during interphase and mitosis and

that TACC is mainly required for recruitment of an

XMAP215-family protein to interphase microtubule plus

ends but not for recruitment to centrosomes and kineto-

chores. Moreover, we have now a marker to study

dynamics and behavior of microtubule plus ends in living

Dictyostelium cells. In a combination of live cell imaging

of microtubule plus ends and fluorescence recovery after

photobleaching (FRAP) experiments of GFP-a-tubulin

cells we show that Dictyostelium microtubules are dynamic

only in the cell periphery, while they remain stable at the

centrosome, which also appears to harbor a dynamic pool

of tubulin dimers.
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Abbreviations

FRAP Fluorescence recovery after photobleaching

MAP Microtubule-associated protein

TBZ Thiabendazole

Introduction

The microtubule cytoskeleton is involved in many funda-

mental processes such as cell division, cell polarity, cell

motility, vesicle trafficking, and organelle positioning. The

organization of microtubules and their dynamic properties,

which are prerequisites to fulfill these tasks, are regulated

by microtubule-associated proteins (MAPs). MAPs bind

to microtubules either directly or indirectly, in particular to

their plus and minus ends. The minus ends are tethered to

the largest known cellular protein complex, the centro-

some. The latter organizes microtubule nucleation through

c-tubulin complexes with associated regulatory proteins

that also have a capping function for minus ends to prevent

them from disassembly as long as they are anchored to the

centrosome. Although there are several examples of cell

types with unanchored microtubules, which possess some

extent of dynamics [1], the microtubule plus ends are

considered as the main sites for microtubule growth and

shrinkage. Furthermore, they are involved in tethering the

microtubules to kinetochores as well as to the cortical actin

cytoskeleton and membrane proteins. To fulfill these

functions, microtubule plus ends are associated with a set

of proteins that make up a supramolecular complex, which

consists of a still growing number of proteins and whose
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composition depends on the cell cycle stage, cell type,

microtubule dynamics, and interactions with the cell

cortex. The latter play a key role in cell polarity, cell

migration, cytokinesis, organelle positioning, mitotic

spindle orientation, and nuclear migration. Many of these

plus-end binding proteins, such as CLIP-170, p150glued and

EB1, appear to be present only at the ends of growing

microtubules and are also known as microtubule plus-end

tracking proteins [2, 3], while others such as XMAP215 or

TACC proteins, which are the subject of this article, are

present at the plus ends of both growing and shrinking

microtubules and also at centrosomes [4–6].

XMAP215-family proteins (named after their Xenopus

representative) are ubiquitous, elongated, microtubule-

associated proteins with a size of approximately 230 kDa

[7]. It has long been known that XMAP215 family proteins

play a crucial role in microtubule plus-end dynamics [8],

but only recently it could be shown that they act as a pro-

cessive microtubule polymerase [5]. CP224, the XMAP215

family member in our model organism, the social amoeba

Dictyostelium discoideum, was among the first members of

this protein family that could be verified as a genuine cen-

trosomal component and the first that was clearly localized

at microtubule plus ends not only at kinetochores but also in

the periphery near the cell cortex [4, 9]. Overexpression

of fragments of CP224 or the full-length protein, revealed

functions of the protein in centrosome duplication, cyto-

kinesis and dynein-dependent microtubule/cell cortex

interactions [4, 10]. Its role in microtubule dynamics

became evident upon underexpression of CP224, which

caused a significant reduction in microtubule length and

hypersensitivity against microtubule-depolymerizing drugs

[11]. In a search for binding partners of CP224 that could

participate in its functions we have performed a tandem

affinity purification screen for binding partners [12].

Among other proteins including EB1, we could identify the

Dictyostelium TACC-family protein as an interactor of

CP224, which was confirmed by co-immunoprecipitation of

both proteins [12].

TACC was originally identified as a protein overex-

pressed in human breast cancer cells [13]. It was named

‘‘Transforming acidic coiled-coil 1’’ protein (hTACC1),

due to its ability to transform cells and its C-terminal

*200 aa that are highly acidic and contain a putative

coiled-coil domain. Soon TACC proteins were identified in

many organisms ranging from yeast to humans. Yet, except

from the conserved TACC domain (Fig. 1a), these proteins

display only little similarity in length and sequence. The

known functions of TACC proteins fall into two categories.

The first one comprises functions related to regulation of

gene expression including interactions with histone acet-

yltransferases and the RNA processing machinery. The

second is related to localization of TACC proteins to

microtubules and the centrosome [14, 15]. All TACC pro-

teins investigated so far are recruited to the centrosome

during mitosis, but only hTACC2, TAC-1 and D-TACC can

also be found there during interphase albeit to a lesser

extent. Moreover, Xenopus Maskin and C. elegans TAC-1

localize to spindle microtubules and the microtubule–

kinetochore interface, while Drosophila D-TACC localizes

alongside spindle microtubules as well as to astral micro-

tubules [16–19]. A GFP-D-TACC fusion protein could also

be observed as tiny dots moving towards and away the

centrosome indicating a D-TACC localization at the

microtubule plus ends [6]. Compromised TACC function is

usually characterized by reduced microtubule lengths dur-

ing interphase and mitosis [15]. The interaction of TACC

proteins with XMAP215 family proteins is evolutionally

conserved. Results from Drosophila, C. elegans and

Xenopus have led to the current model, in which TACC is

enriched at the centrosome during mitosis and recruits

XMAP215 proteins to the centrosome [6, 18–22]. As a

complex the two proteins may then be loaded onto emerg-

ing microtubule plus ends, where they could counteract the

microtubule destabilizing kinesin MCAK [23]. Yet, this

Fig. 1 Sequence homology and domain organization of Dictyosteli-
um TACC. Sequence homology of TACC family members is limited

to *250 C-terminal amino acids constituting the TACC domain. The

sequence alignment of various TACC domain sequences from

humans (hTACC1), Xenopus (Maskin) and Drosophila (D-TACC)

with Dictyostelium TACC was generated with ClustalW (a). The

domain organization of the three GFP fusion proteins generated in

this work (b). The TACC domain is depicted as a pentagon and GFP

as an ellipse
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model became challenged by a recent study in Xenopus,

where TACC3/Maskin depletion had no effect on dynamics

of microtubules nucleated from isolated centrosomes, but

appeared to be involved in anchoring microtubules to the

centrosome in an Aurora A dependent manner [24]. More-

over, salt-stripped centrosomes were able to recruit

XMAP215 from Maskin depleted egg extracts, but failed to

organize normal microtubule asters indicating that TACC3/

Maskin can function independently of XMAP215.

In this work we provide a functional analysis of Dicty-

ostelium TACC. We confirm its role as a promoter of

microtubule growth and we show for the first time in vivo

that TACC is required for recruitment of the XMAP215

orthologue (CP224) to microtubule plus ends during

interphase but not for its recruitment to centrosomes and

kinetochores. Also for the first time we have now a marker

to study dynamics and behavior of microtubule plus ends in

living Dictyostelium cells. In a combination of live cell

imaging of microtubule plus ends and fluorescence recov-

ery after photobleaching (FRAP) experiments of GFP-

a-tubulin cells we show that Dictyostelium microtubules

are dynamic only in the cell periphery, while they remain

stable at the centrosome, which also appears to harbor a

dynamic pool of tubulin dimers.

Materials and methods

Plasmid constructions

The DNA coding sequence for the construction of GFP-

TACC (full length) and GFP-TACCDC were obtained by

PCR using single stranded cDNA as a template and suit-

able linker primers. cDNA was obtained by reverse

transcription using total RNA (total RNA isolation kit,

Applichem, Darmstadt, Germany), Mu-MLV reverse

transcriptase (Protoscript 1st strand synthesis kit, New

England Biolabs, Frankfurt, Germany) and an oligo-dT

primer. PCR fragments were cloned into SalI/BamHI

digested pIS76, an N-terminal GFP fusion vector confer-

ring blasticidin S resistance [25]. For TACCDC the

amplicon corresponded to base pairs 1–3,609 of the com-

plete coding sequence (geneID DDB_G0275391 at

http://dictybase.org). A stop codon was added at the 30 end.

The TACC full-length construct was build from two

overlapping DNA fragments, first a 50-PCR fragment

flanked by SalI and the internal AflIII restriction site and a

30-fragment obtained after digestion of GFP-TACCdom

vector (pKK14, [12]) with AflIII and BamHI.

The TACC-RNAi construct was designed according to

[26] employing the Dictyostelium N-terminal mCherry

fusion vector pIS193, which was obtained by replacement

of GFP by mCherry in pIS77 [25, 27] and was chosen

because of suitable restriction sites. The transcribed RNA

consists of a long inverted repeat consisting of 543 bp of

the TACC coding sequence (base positions 1–543) and a

stuffer fragment between the two complementary parts.

Both complementary TACC fragments were amplified by

PCR using linker primers. The sense fragment was flanked

by SalI and BamHI sites and cloned into the polylinker

downstream of the mCherry sequence. The preceding

antisense fragment was flanked by AflII and KpnI sites and

replaced the first part of the mCherry sequence leaving a

196-bp stuffer fragment consisting of the remaining

mCherry sequence and restriction sites. The resulting

TACC-RNAi vector confers G418 resistance and drives

transcription of a double-stranded hairpin RNA under

control of the actin-6 promoter.

The a-tubulin sequence for the expression of red-fluo-

rescent tubulin was derived from a published GFP-tubulin

vector by digestion with SalI and BamHI [9]. The coding

sequence of marsRFP was amplified by PCR using HindIII

and SalI linker primer and a marsRFP plasmid as a tem-

plate [28]. Both, the marsRFP and a-tubulin sequences

were cloned consecutively into pIS76 [25] to yield pIS254.

Microscopy

Light microscopy and image processing of fixed samples

was performed as described previously on a Zeiss Cell-

Observer HS system equipped with a PlanApo 1.4/1009

objective, an Axiocam MRm Rev. 3 CCD camera and the

Axiovision 4.6 fast iterative deconvolution software

package [25]. All live cell imaging experiments including

FRAP were conducted at a Zeiss LSM710 laser scanning

confocal microscope equipped with a PlanApo 1.4/639

objective as reported recently [29]. Live cells were pre-

pared in glass-bottom Petri dishes (Fluorodish, WPI,

Berlin, Germany) and flattened by agar overlay [30].

Immunoelectron microscopy of isolated nucleus/centro-

some complexes was performed as recently published [25].

In brief, nuclei were fixed with glutaraldehyde, labeled

with anti-TACC and Nanogold-conjugated anti-rabbit Fab0

fragments (Aurion, Wageningen, Netherlands), silver

enhanced, osmicated and finally embedded in Spurr’s resin.

Uranyl acetate and lead citrate stained ultra-thin sections

were viewed on a Philips CM100 electron microscope.

Other methods

Dictyostelium strain AX2 was cultured and transformed

with the above-mentioned plasmids as reported earlier

[4, 31]. SDS gel electrophoresis and Western blotting was

performed as described [31]. Centrosomes were purified

according to [31]. Preparation of cell extracts of Dictyos-

telium cells was reported by Daunderer and Gräf [32].
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Antibodies

Mouse monoclonal anti-CP224 [33], rat monoclonal YL1/2

[34], rabbit polyclonal anti-Cenp68 [35], rabbit polyclonal

anti-TACC (Dr. Katrin Pfütze, http://archiv.ub.uni-marburg.

de/diss/z2006/0802/).

Results

Dictyostelium TACC localizes to the centrosomal

corona and microtubule plus ends

For our functional analysis of TACC in Dictyostelium, we

have raised antibodies against the recombinant TACC

domain (anti-TACC) and have generated Dictyostelium

strains expressing full-length TACC, the TACC domain

(275 aa) and the N-terminal part (1203 aa), respectively,

as GFP fusion proteins (GFP-TACC, GFP-TACCdom

GFP-TACCDC) (Fig. 1b). Endogenous TACC and CP224

colocalized at microtubule plus ends and the centrosome

during interphase (Fig. 2). Immunoelectron microscopy

showed gold labeling of anti-TACC almost exclusively at

the centrosomal corona demonstrating that TACC, as

CP224, is a component of the centrosomal corona (Fig. 3).

Centrosomal localization was independent of microtubules,

since GFP-TACCdom was also present at isolated centro-

somes, which are known to be free of microtubules [31]

(Fig. 4). This proves that TACC is a genuine centrosomal

component. The TACC domain alone was sufficient for all

localizations of the full-length protein, however, deletion

of the TACC domain (GFP-TACCDC) abrogated all

localizations of the GFP fusion protein to specific struc-

tures (Fig. 5). The sizes of the respective GFP fusion

proteins were confirmed by Western blots (Fig. 5j).

TACC-RNAi results in moderate reduction

of interphase microtubule length

To investigate TACC function, we suppressed its expres-

sion by RNAi using the established method for

Dictyostelium [26]. In the resulting TACC-RNAi strain, the

amount of TACC protein was reduced to levels that were

undetectable by immunoblotting (Fig. 6a). TACC-RNAi

cells exhibited a moderate reduction of interphase micro-

tubule length (Fig. 7; Table 1). Growth of cell cultures,

number of nuclei and centrosomes per cell, chemotaxis and

development were all unaffected by the RNAi treatment

(data not shown). Since our RNAi construct was directed

against the N-terminal part excluding the TACC domain,

expression of GFP-TACCdom was unaffected by RNAi

treatment (Fig. 6c). Thus, we could also determine to which

extent expression of the TACC domain alone could rescue

the reduction in interphase microtubule length. Expression

of GFP-TACCdom in TACC-RNAi cells yielded heterog-

enous mutants. In many cells, this phenotype was fully or

partially rescued, yet a fraction with no obvious effect of

TACC domain expression remained (Table 1). In contrast,

the TACC-RNAi phenotype could not be rescued by over-

expression of the conserved TACC binding partner CP224

as a GFP fusion protein (Fig. 7c, g and d, h; Table 1).

TACC is almost absent from astral microtubules,

but required for their formation

While GFP-TACC was strongly present at centrosomes and

microtubule plus ends during interphase, it exhibited a

differential pattern at these localizations during mitosis.

From early prophase till late telophase GFP-TACC was still

strongly present at centrosomes (Fig. 8a–u) and kineto-

chores (Fig. 8m–o). During telophase it was also found in

Fig. 2 Endogenous TACC localizes to centrosomes and microtubule

plus ends during interphase and to spindle poles during mitosis.

Dictyostelium cells were fixed with methanol and labeled with anti-

TACC (green), anti-CP224 (red) and DAPI (blue). Whole cells

(a, e) and mitotic spindles (b–d), respectively, are shown in

interphase (a), metaphase (b), anaphase (c), early telophase (d), and

late telophase (e). To point out TACC and CP224 colocalization at

microtubule plus ends, the insets in a exclusively show TACC or

CP224 staining within the boxed area depicted as (0). Bar 2 lm
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Fig. 3 Immunoelectron

microscopy reveals TACC

localization at the centrosomal

corona. Two examples of

centrosomes attached to isolated

nuclei are shown. Note that gold

particles are almost exclusively

associated with the centrosomal

corona surrounding the layered

core structure. Bar 0.2 lm

Fig. 4 GFP-TACCdom copurifies with isolated centrosomes.

Centrosomes were isolated and fixed with methanol on coverslips

as described. GFP fluorescence (left) and anti-CP224 labeling as a

centrosomal marker are shown. The merged image displays colocal-

ization of both proteins at isolated centrosomes. Bar 2 lm

Fig. 5 The TACC domain is

sufficient for localization at

centrosomes and microtubule

tips. GFP-TACCdom (a–c) and

the full-length GFP-TACC (d–f)
localize to the centrosomal

corona, microtubule plus-end

tips and to certain spots

alongside of microtubules. By

contrast, a C-terminally

truncated fusionprotrein GFP-

TACCDC (g–i) lacking the

TACC domain does not show

any specific localization. GFP

labeling (a, d, g) is shown in

green, tubulin (b, e, h) in red
and DNA in blue. Except for

GFP-TACCDC (i), merged

images (c, f) clearly show the

GFP-TACC and GFP-

TACCdom spots at the

microtubule tips. The Western

blot of Dictyostelium extracts

(j) shows labeling of GFP-

TACC and GFP-TACCDC with

anti-GFP (upper panel) and of

GFP-TACC and endogenous

TACC with anti-TACC (lower
panel). Bar 2 lm
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the mid-body region (Fig. 8s). In contrast, GFP-TACC

levels were dramatically reduced at the plus ends of astral

microtubules. Despite the virtual absence of TACC at plus

ends of astral microtubules, the protein appears to be

required for astral microtubule formation. This became

evident when we analyzed mitotic TACC-RNAi cells,

where the effect of TACC depletion was much more

prominent than during interphase. Particularly in metaphase

the length of astral microtubules was drastically reduced,

while spindle microtubules remained unaffected (Fig. 9c, d

and k, l). Consequently, chromosome segregation as visu-

alized by the behavior of the centromere/kinetorchore

marker Cenp68 [35] proceeded normally (Fig. 9). In con-

trast to interphase microtubule length, astral microtubule

length could fully be rescued by expression of GFP-

TACCdom in TACC-RNAi cells (Fig. 9q–x).

TACC depletion causes hypersensitivity against

thiabendazole

The reduced length of interphase microtubules was very

reminiscent of the phenotype observed upon underexpression

of CP224. Since reduced amounts of CP224 also caused a

hypersensitivity of cells against microtubule-depolymerizing

Fig. 6 RNAi depletion of TACC. Upon RNAi treatment TACC is no

longer detectable in immunoblots (a). Depletion of TACC does not

affect overall CP224 expression (b). After transfection of TACC-

RNAi cells with GFP-TACCdom, the RNAi effect remained strong

and no full-length TACC was detected (c). Western blots of whole

cell lysates were stained with anti-TACC (c, upper panel in a), anti-

CP224 (upper panel in b) and anti-actin (lower panel in a and b).

Molecular weight is depicted on the left, strains used indicated on top
of the respective lanes

Fig. 7 Microtubule length is significantly reduced upon TACC RNAi

and rescued by expression of the TACC domain as GFP fusion

protein. Cell types indicated on top were fixed with glutaraldehyde

and stained with anti-tubulin (e–h, green in a, b and red in c, d).

Compared to wild-type cells, microtubule length is reduced in TACC-

RNAi cells. Although GFP-TACCdom and GFP-CP224 expressed in

TACC-RNAi cells both localize normally (green in c and d), only

GFP-TACC-domain expression restores wild-type-like microtubule

length in a large number of cells. The upper panel shows merged

images of anti-tubulin, DNA (blue) and the respective GFP fusion

proteins in c and d. Bar 2 lm

Table 1 Microtubule length in wild-type and TACC mutant cells

Cell line Microtubule length

lm (n)

Control cells (strain AX2) 8.68 ± 2.59 (135)

TACC-RNAi 6.17 ± 1.62 (132)

GFP-TACCdom in TACC-RNAi 6.83 ± 2.38 (127)

GFP-CP224 in TACC-RNAi 6.34 ± 1.89 (129)

In order to assess microtubule length, the respective strains were fixed

with glutaraldehyde and labeled with anti-tubulin. Evaluation of

microtubule length was accomplished with ImageJ on maximum

intensity projection images
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drugs such as nocodazole or thiabendazole (TBZ) [11], we

analyzed the effect of TACC depletion on TBZ sensitivity.

Wild-type cells are quite resistant against TBZ and treat-

ment at a high concentration of 100 lM for 3 h does not

lead to complete depolymerization of microtubules [9, 11]

(Fig. 10a, e). In contrast, TACC-RNAi cells were hyper-

sensitive against treatment with TBZ (Fig. 10b, f). TBZ

hypersensitivity upon TACC depletion was rescued by

GFP-TACCdom expression (Fig. 10c, g) but not by

expression of GFP-CP224 (Fig. 10d, h). Thus, the TACC

domain alone is sufficient for the microtubule stabilizing

effect of TACC against TBZ treatment.

TACC is required for CP224 localization

to microtubule tips but not to centrosomes

and kinetochores

Despite previous reports that TACC is required for binding

of XMAP215 proteins at the centrosome, centrosomal

CP224 levels were not obviously affected in TACC-RNAi

cells neither in interphase (Fig. 11a, b), nor mitosis

(Fig. 12). CP224 stayed tightly associated with the spindle

poles throughout mitosis and localized to the kinetochores

in metaphase and the mid-body region in telophase. Neither

in wild-type nor in TACC-RNAi cells, CP224 could be

observed at the tips of astral microtubules (Fig. 12). All our

observations indicated that the mitotic localization pattern

of CP224 is independent of TACC expression. Further-

more, fluorescence recovery after photobleaching (FRAP)

experiments in cells expressing GFP-CP224 revealed no

effect of TACC RNAi on exchange rates of GFP-CP224

neither at interphase centrosomes nor at metaphase spindle

poles (Fig. 13a–d). For representative examples of time

series used for FRAP analysis, see supplementary material

(movies 1 and 2 for GFP-CP224 dynamics during inter-

phase and movies 3 and 4 for GFP-CP224 dynamics during

mitosis). In contrast, at microtubule plus ends, CP224

levels were dramatically reduced to undetectable levels

upon TACC RNAi (Fig. 11). Expression of a GFP-TACC-

domain protein in TACC depletion mutants rescues this

effect and CP224 is effectively loaded onto the microtubule

plus ends. To show this effect clearly and to exclude

misinterpretations owing to different labeling intensities in

independently prepared specimens, TACC depleted cells

were mixed and fixed together with GFP-TACCdom

expressing TACC-RNAi cells (arrowheads in Fig. 11a) and

stained with anti-CP224. Thus, depending on the absence

or presence of a green fluorescent centrosome, TACC

depleted cells could easily be distinguished from cells

expressing GFP-TACCdom. In these experiments no or

almost no CP224 could be observed at microtubule tips

upon TACC depletion (Fig. 11a, b), while centrosomal

CP224 levels remained largely unaffected. The virtual

Fig. 8 During mitosis GFP-TACC localizes to spindle poles, the

kinetochores and the mid-body region but is virtually absent from tips

of astral microtubules. GFP-TACC (grayscale images as indicated

and green in merged images) expressing cells were fixed with

glutaraldehyde and stained with anti-tubulin (grayscale images as

indicated and red in merged images). To visualize the kinetochores,

cells were also labeled with anti-Cenp68 as a centromere marker (N,

magenta in O). DNA is shown in blue, mitotic stages are indicated on

the left. In all interphase cells adjacent to the mitotic cells shown

above, a clear GFP-TACC signal was visible at the microtubule plus-

end tips. An example for that is shown in (c), where the upper right

cell represents an early prophase stage as can be seen by its condensed

DNA (0), with no GFP-TACC signal at the microtubules tips, while in

an interphase cell at the lower left (00) TACC is clearly associated with

microtubule plus ends. Throughout mitosis, GFP-TACCdom exhib-

ited the same behavior as GFP-TACC (not shown). Bar 2 lm
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absence of CP224 at microtubule tips upon TACC RNAi

could not be due to a generally reduced expression of

CP224 under these conditions, since Western blots

revealed similar cellular CP224 levels in TACC RNAi cells

and control cells (Fig. 6b).

Dictyostelium interphase microtubules show little

length alterations but high tubulin turnover

at centrosomes

For the first time our GFP-TACCdom and GFP-TACC

strains allow visualization of microtubule plus ends in

living Dictyostelium cells. The previously known markers,

DdEB1 and CP224, are only concentrated at microtubule

tips when expressed at endogenous levels. However, for

sufficient brightness they have to be overexpressed, which

causes them to distribute along the whole microtubule

[4, 9]. In previous studies of Dictyostelium cells express-

ing GFP-a-tubulin or GFP-labeled MAPs, microtubules

showed prominent lateral bending movements and a rela-

tively stable length [36–38]. However, due to these rapid

three-dimensional movements and insufficient time reso-

lution of the available microscopic systems, it was virtually

impossible to follow dynamic changes in length or

Fig. 9 Astral microtubule

formation is impaired upon

TACC RNAi. Cell types

indicated on top were fixed with

glutaraldehyde and labeled with

anti-tubulin (grayscale images

and red in merged images) and

anti-Cenp68 as a kinetochore

marker (green in merged images

a, c, e, g and j, l, n, p). Aster

formation is heavily impaired

upon TACC RNAi while

spindle microtubules are

unaffected. Expression of GFP-

TACCdom in TACC-RNAi

cells (green in merged images

r, t, v, x) restores normal astral

microtubule length. DNA is

shown in blue, Bar 2 lm

Fig. 10 Cells depleted of

TACC are hypersensitive

against thiabendazole. Cell

types indicated on top were

treated with 100 lM

thiabendazole for 3 h and

microtubules were labeled with

anti-tubulin (e–h, green in

a, b and red in c, d).

Thiabendazole treatment clearly

has an effect on all cell types,

but compared to wild-type cells

remaining microtubules in

TACC-RNAi cells are

significantly shorter. Expression

of GFP-TACCdom (green in

c) rescues the hypersensitivity

phenotype, while

overexpression of GFP-CP224

(green in d) has no significant

effect. In merged images DNA

is shown in blue. Bar 2 lm
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catastrophe and rescue events of individual microtubules.

However, when GFP-TACCdom was expressed in a

marsRFP-a-tubulin Dictyostelium cell line with red fluo-

rescent microtubules, tracking of individual microtubule

ends was clearly facilitated, since GFP-TACCdom was

present at plus ends of all microtubules (supplementary

material Fig. S2 and movie 5). In these experiments we

observed no complete catastrophe and rescue events during

interphase, although microtubule behavior at the cell

periphery close to the cortex suggested alterations in

length. Some microtubule end movements may also be due

to bending or straightening of microtubules. However

FRAP experiments where the bleached region of interest

was positioned in the cell periphery confirmed that there

were indeed growth and shrinkage events in this region of

the cell. Although the insufficient time resolution of the

confocal laser scanning microscope made the study of

fluorescence recovery at individual microtubules almost

impossible, we recorded a few examples of rapid fluores-

cence recovery starting at the very tip of a single

microtubule proceeding towards the minus end. This

indicated considerable turnover of tubulin dimers (supple-

mentary material movie 6). In contrast, bleaching of a

square region of interest around the centrosome revealed a

differential behavior of GFP-a-tubulin at microtubules

emanating from the centrosome and the centrosome itself.

While there was almost no recovery of fluorescence at

microtubules close to the centrosome, GFP fluorescence

rapidly re-appeared at the centrosome with a half time

of recovery of 4,6 s (Fig. 13e, supplementary material

movie 7). Yet, fluorescence at the centrosome never

Fig. 11 CP224 localization at

the microtubule plus ends is

greatly impaired upon TACC

depletion and depends on

presence of the TACC domain.

TACC-RNAi cells and TACC-

RNAi cells expressing GFP-

TACCdom were mixed, fixed

with methanol and labeled with

anti-CP224 (a, b). GFP-

TACCdom expressing cells

(arrowheads in a) can easily be

identified due to their green

fluorescent centrosomes. The

typical staining pattern of

CP224 at mictrotubule tips can

only be observed in cells

expressing GFP-TACCdom,

while centrosomal CP224 can

be seen in both cell types.

c–e proves the microtubule tip

localization of CP224 in

wild-type cells stained with

anti-CP224 (c, red in e) and

anti-tubulin (d, green in e). In

merged images DNA is shown

in blue. Bar 2 lm

Fig. 12 Depletion of TACC does not impair mitotic CP224 locali-

zation. Wild-type cells (a, b, e, f, i, j) and TACC-RNAi cells (c, d, g,

h, k, l) were fixed with methanol and labeled with anti-CP224

(grayscale images, red in merged images) and anti-tubulin (green in

merged images). Mitotic stages are indicated on the left, cell types on

top. In merged images DNA is shown in blue. Bar 2 lm
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recovered to pre-bleach levels indicating the existence of

an immobile fraction of tubulin.

TACC is not required for centrosomal turnover

of tubulin dimers

Since TACC is involved in microtubule plus-end dynam-

ics, which was concluded from the observation that TACC-

RNAi cells were hypersensitive against TBZ treatment, we

asked whether TACC is also needed for the observed GFP-

a-tubulin dynamics at the centrosome. Therefore, we per-

formed a FRAP analysis in TACC-RNAi cells expressing

GFP-a-tubulin. Unexpectedly, these experiments demon-

strated that the dynamic behavior of GFP-a-tubulin at the

centrosome and the pericentrosomal area was unaffected

by the lack of TACC (Fig. 13f, supplementary material

movie 8). The slightly longer half time of GFP-a-tubulin

recovery in TACC depleted interphase cells can be

explained by a seemingly larger fraction of mobile GFP-a-

tubulin, which certainly takes longer to replenish. In case

of metaphase spindle poles our measurements revealed no

differences in tubulin dynamics upon TACC RNAi at all

(Fig. 13g, h; supplementary material movie 9 and 10).

Since tubulin dimers are still efficiently recruited to the

centrosome in the absence of TACC, a lack of free tubulin

dimers at the centrosome is unlikely to explain the

observed phenotypes of TACC depletion.

Discussion

With the GFP-labeled TACC domain we have established

the first suitable marker to study dynamics and behavior of

microtubule plus ends in living Dictyostelium cells. Our

study revealed a differential dynamic behavior of micro-

tubules in the cell periphery, in the pericentrosomal area

and the centrosome itself. As in earlier studies [36–38],

microtubules appeared rather stable in the first view. Thus,

complete catastrophes, where microtubules shrink back to

their origin at the centrosome, and growth of new micro-

tubules from the centrosome were not observed. However,

our Dictyostelium cell line co-expressing GFP-TACCdom

and marsRFP-a-tubulin, revealed a considerably more

pronounced dynamic behavior of microtubules in the cell

periphery than expected. We think that this behavior was

overlooked in earlier studies due to the difficulty to follow

the ends of individual microtubules in these cells under the

technical restrictions described above. The dynamic

behavior of microtubules in the cell periphery was con-

firmed by our FRAP analyses of GFP-a-tubulin cells. In

contrast, in the pericentrosomal area microtubules appeared

to be rather stable, which was indicated by the persistence

of the bleached zone around the centrosome. Surprisingly,

at the centrosome itself GFP-a-tubulin recovered quickly

within a few seconds. Our interpretation is that there are

two populations of tubulin in this region. The first popu-

lation showing no fluorescence recovery is incorporated

into microtubules, whose minus ends are undynamic and

firmly attached to the centrosome. The second population

recovering quickly from photobleaching comprises a

highly dynamic pool of tubulin dimers at the centrosome.

This turnover was not slowed down by TBZ (Fig. S1,

supplementary material). At TBZ concentrations effec-

tively inhibiting microtubule growth, e.g. during spindle

formation GFP-a-tubulin dimers still appear to be able to

participate at the rapid turnover of tubulin dimers at the

centrosome. The observed stability of Dictyostelium

microtubules around the centrosome is in agreement with

their resistance against TBZ, which reduces the pool of

tubulin dimers available for assembly at microtubule ends

below the critical concentration promoting microtubule

growth. Although treatment of Dictyostelium cells with

reagents such as TBZ or nocodazole never leads to com-

plete microtubule depolymerization in wild-type cells,

these substances have a clear effect, since they effectively

prevent spindle formation and clearly shorten microtubules

in interphase cells. Due to their mode of action these agents

can only depolymerize dynamic microtubule arrays as they

were observed in the periphery of Dictyostelium cells.

Thus, our observation of a stable zone of microtubules in

the pericentrosomal area perfectly explains the failure of

these agents to depolymerize Dictyostelium microtubules

completely. The microtubule stabilizing factors in Dictyo-

stelium are unknown. CP224 and TACC, which both are

clearly required for microtubule growth (this work and

[11]), are unlikely to play an important role in this respect.

This is based on the observation that GFP-a-tubulin

recovery at the cell periphery, the pericentrosomal area and

the centrosome itself were largely unaffected by TACC

depletion through RNAi, although both TACC and CP224

were absent from microtubule plus ends. However, CP224

may be involved in loading tubulin dimers to the dynamic

centrosomal pool of tubulin dimers that we have postulated

in this work. This is corroborated by the fact that GFP-

CP224 and GFP-a-tubulin show similar FRAP kinetics

at the centrosome and since both their presence at the

centrosome and FRAP kinetics were unaffected by

TACC-RNAi.

Upon expression of GFP-TACCdom, many TACC-

RNAi cells regained their normal microtubule length in

interphase. Yet, some cells still displayed shortened

microtubules although GFP-TACCdom, and thus CP224,

was associated with their microtubule tips. This indicates

that even though the TACC domain is crucial and sufficient

for efficiently recruiting CP224 to microtubule plus

ends, full-length TACC is likely to serve an additional
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Fig. 13 Centrosomal dynamics of GFP-CP224 and GFP-tubulin are

largely unaffected by TACC depletion. Fluorescence recovery after

photobleaching (FRAP) of GFP-CP224 and GFP-tubulin in TACC-

RNAi cells was compared with FRAP in GFP-tubulin cells and GFP-

CP224 cells, respectively, which express TACC at wild-type levels. In

interphase cells whole centrosomes were bleached. For analysis of

GFP-CP224 and GFP-tubulin dynamics during mitosis exclusively

metaphase cells were chosen and a single spindle pole was bleached.

GFP-recovery was followed by 4D confocal live cell imaging.

Fluorescence intensities in the bleached region of interest were

evaluated with ImageJ. Representative examples of time series of all

cell types used for analyses were added as supplementary material. The

respective GFP fusion protein, the cell type used and the cell cycle stage

is depicted on top of the respective graph. The half time of recovery and

the number of individual experiments combined are indicated on the

lower right. The standard deviation is indicated as error bars
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microtubule-stabilizing function independent of CP224,

which cannot under all circumstances be fulfilled by the

TACC domain alone.

The virtual absence of astral microtubules in TACC

RNAi metaphase cells is likely to be due to an impaired

function of TACC at the centrosome and not at microtubule

plus ends, since neither TACC nor CP224 could be

observed at astral microtubule tips in wild-type cells. In

prophase the corona of Dictyostelium centrosomes disas-

sembles together with all interphase microtubules.

Concomitantly most corona components are released into

the cytoplasm. TACC instead remains tightly associated

with prophase centrosomes and even gets enriched prior to

tubulin disassembly (own observations, not shown).

Recently it was shown that isolated, salt-striped Xenopus

centrosomes regain their ability to form asters when incu-

bated in Xenopus egg extract and purified tubulin.

However, no asters were formed when centrosomes were

treated with maskin depleted egg extract [24]. In analogy to

these results, it is tempting to speculate that Dictyostelium

TACC is either required for nucleation of astral microtu-

bules in metaphase and/or for their anchorage of their

minus ends at the mitotic centrosome.

Taken together, with this work we provide the first

quantitative investigation of tubulin dynamics at the cen-

trosome in Dictyostelium and the first explanations for the

unusual behavior of Dictyostelium microtubules upon

incubation with microtubule depolymerizing drugs. Fur-

thermore, using RNAi we have proven that Dictyostelium

TACC promotes microtubule growth during interphase and

mitosis and that it is a genuine centrosomal component. For

the first time we show that both TACC and XMAP215

family proteins can be differentially localized to microtu-

bule plus ends during interphase and mitosis. While

Dictyostelium TACC and CP224 are present at microtubule

tips during interphase and kinetochore microtubules during

mitosis, they are absent from plus ends of astral microtu-

bules. Furthermore, we have demonstrated for the first time

in vivo that TACC is mainly required for recruitment of an

XMAP215-family protein to interphase microtubule plus

ends but not for recruitment to centrosomes and kineto-

chores. The XMAP215 protein CP224 has to be bound to

centrosomes and kinetochores through interactions with

other proteins that are waiting to be identified in the near

future.
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33. Gräf R, Daunderer C, Schliwa M (1999) Cell cycle-dependent

localization of monoclonal antibodies raised against isolated

Dictyostelium centrosomes. Biol Cell 91:471–477

34. Wehland J, Willingham MC (1983) A rat monoclonal antibody

reacting specifically with the tyrosylated form of alpha-tubulin II.

Effects on cell movement, organization of microtubules, and

intermediate filaments, and arrangement of Golgi elements. J Cell

Biol 97:1476–1490
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